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Abstract

+ Key message Natural disturbances and management are key drivers for forest carbon balance. We modelled the
impact of Vaia storm on forest sink at national scale in Italy. We demonstrate that after Vaia, carbon fluxes among
pools and through harvested wood products from salvage logging limit the carbon losses. Our findings can improve
the effectiveness of mitigation actions under disturbance scenarios.

« Context Climate change increasingly modifies frequency and magnitude of extreme events, such as windstorms, with
subsequent strong impacts not only on forest health and stability but also on the forest carbon balance.

« Aims We aim to assess the combined impact of natural disturbances and forest management on the overall forest carbon
accounting, including the mitigation potential from harvested wood products.

« Methods We modelled the impact of Vaia storm on the evolution of forest carbon balance at national scale until 2030. We
considered the effect of Vaia storm in combination with current management practices and salvage logging.

+ Results Our results suggest that the overall carbon sink decreased only by 4% due to Vaia, because of internal carbon
transfers among forest pools (about 3.1 Mt C from living biomass to dead organic matter), and that the potential negative
effects of salvage logging, removing about 1.2 Mt C from dead organic matter, can be counterbalanced by long-term carbon
accumulation in harvested wood products.

« Conclusion Based on our findings, there is an increasing need to robustly consider, through novel approaches (e.g. com-
prehensive and integrated modelling framework), the effects of natural disturbances in current accounting frameworks, with
the final purpose to improve the effectiveness of mitigation strategies in the forestry sector.

Keywords Carbon accounting - Salvage logging - Harvested wood products - Carbon Budget Model - Forest mitigation -
Forest adaptation
1 Introduction

Natural disturbances, such as fires, windstorms, and insect
outbreaks, increasingly affect forest health, growth and sta-
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Climate change can modify intensity, frequency and geo-
graphical pattern of disturbances, as in the case of extra-
tropical cyclones in Europe (Leckebusch et al. 2006). In
autumn 2018, an extra-tropical windstorm, named Vaia,
broke down at least 9.5 - 10° m* of merchantable wood in
Northern Italy (Motta et al. 2018). Even if not comparable
with the same type of events recorded in other European
countries, Vaia is considered the major windstorm affecting
the Italian territory since the last war (Motta et al. 2018).
Indeed, Vaia damages corresponds to more than 70% of the
total roundwood removed in Italy in the same year.

The available studies mainly focused on wildfires in
Mediterranean countries (e.g. FAO and Plan Blue 2018)
and windstorms in Central and Northern European coun-
tries (e.g. Gardiner et al. 2013; Forzieri et al. 2020). How-
ever, despite some studies addressed the impact of natural
disturbances on forest carbon balance in Europe (e.g. Pilli
et al. 2016), the combined impact of windstorms and fires
on carbon balance at national scale is poorly investigated.

Moreover, there is poor understanding on how to face
the immediate and counterfactual effects of natural dis-
turbances and forest management on both ecological and
social-economic systems (wood value-chain). This is the
case of salvage logging (i.e. the harvesting of trees after
natural disturbances; Lindenmayer and Ough 2006), whose
interaction with forest ecosystem functions needs to be con-
sidered in enhanced policies and management strategies (e.g.
Leverkus et al. 2018). Indeed, in the case of climate change
mitigation, salvage logging may reduce the stand carbon
stock in situ and improve the carbon storage in harvested
wood products (e.g. Dobor et al. 2020). Along the forest-
value chain, harvested wood products may potentially con-
tribute to substitute non-wood materials for construction and
energy uses (Jonsson et al. 2021). However, the mitigation
potential of such substitution effect is context-dependent and
characterized by large variability and uncertainty (Leskinen
et al. 2018).

According to the above-mentioned issues, the present
study aims to quantify the potential effect of Vaia storm on
the Italian forest carbon sink, by comparing, through a mod-
elling approach, a business-as-usual scenario, based on the
historical (until 2018) and theoretical (from 2019 to 2030)
evolution of the forest carbon sink, with a second scenario
(named Vaia Storm, VS) including (i) the direct effect of the
windstorm on the forest carbon pools (living biomass, dead
organic matter (DOM), including dead wood and litter, and
soil) and (ii) the indirect effects of salvage logging on the
harvested wood products (HWP) pool and on the overall
forest mitigation potential at national level. Our modelling
framework focuses on the immediate contribution of forest
management and forest carbon pools, including HWP, to
mitigation after a large-scale disturbance, without specifi-
cally assessing the mitigation potential that may derive from
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the substitution effects of harvested wood products over the
whole forest value-chain, which is further considered when
discussing the overall results.

2 Material and methods
2.1 Study context

The study is downscaled from the national context to the
area affected by Vaia on November 2018 in Northern Italy
(Fig. 1). Vaia damaged a total forest area of more than 45
kha, distributed between five administrative regions: 7% in
Friuli Venezia Giulia (FVG), 10% in Lombardia (LO), and
27% in Veneto (VE) regions, and 13% in Bolzano (BZ) and
43% in Trento (TN) autonomous provinces (Aichner et al.
2019; Chirici et al. 2019; PAT 2019). Vaia mostly affected
pure Norway spruce stands, and mixed Norway spruce—Sil-
ver fir and Norway spruce—European beech stands. The cal-
culated total damaged growing stock volume corresponded
to more than 0.6% of the total volume of growing stock of
all Italian forests (e.g. Motta et al. 2018; Chirici et al. 2019).

2.2 Inputdata

Main input data are collated from the Italian National Forest and
Carbon Inventory 2005 (INFC; Gasparini and Tabacchi 2011).

Study areas
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M Friuli V.G. (FVG)
& Lombardia (LO)
O Trento Pr. (TN)
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Fig. 1 Map of Italy, reporting the main regions affected by Vaia, as
considered within the present study
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For complete information on the dataset for the whole Italian
territory, please refer to Pilli et al. 2013.

In the VS scenario, we used the damaged area as main
model input and the amount of biomass affected by storm
for model calibration (see Table 1), through combining dif-
ferent sources of information such as remote sensing tech-
niques, field surveys, and expert judgments. From the above-
reported information, we obtained, for each administrative
unit and forest type (FT, defined by leading species), the
following: (i) the damaged forest area (further distinguished
between 4 classes), (ii) the amount of merchantable biomass
directly damaged, and (iii) the amount of biomass removed
by salvage logging in 2019. Table 1 reports the main infor-
mation used as model input and for model calibration.

As additional inputs, we used the historical harvest
intensity—the main driver affecting the forest C sink (Pilli
et al. 2016)—and the area affected by wildfires—the main
natural disturbance affecting the Italian forests. Both these
parameters were defined according to a preliminary, critical
assessment of the information provided by the literature (see
Appendix 2).

2.3 Modelling framework

We applied the Carbon Budget Model (CBM) developed
by the Canadian Forest Service (Kurz et al. 2009), which
is fed by data provided by INFC (Gasparini and Tabacchi
2011). CBM was already applied and calibrated for the Ital-
ian forests (Pilli et al. 2013) and validated at regional level
(for the Trento province, also part of the present study; Pilli
et al. 2014). Since we use the same general assumptions
applied in Pilli et al. (2013), we provide in Appendix 3 a
short description of the model, and hereafter, we highlight
only the modelling assumptions specifically tailored to the
present study. Input raw data used to run CBM within this
specific study are publicly available within a data repository
(Pilli and Vizzarri, 2020).

The overall purpose of CBM is to simulate the main
fluxes among each forest C pool, starting from the C inflow
from the atmosphere (i.e. the Net Primary Production),
accounting for all outflows due to natural processes and
human activities (Fig. 2). For simulating the effect of ordi-
nary silvicultural treatments, we defined a set of activities
which can be carried out for each FT and administrative
unit, and calibrated their intensity according to the total
amount of harvest reported at country level (Pilli et al.
2013). Within the present study, natural disturbances
include both fires and the Vaia storm. The first ones were
defined according to the total forest area affected by fires at
national level (as reported in Appendix 2, Fig. 6) and sim-
ulated by assuming that wildfires affect, on average, 50%
of the living biomass with direct CO, emissions mainly
concentrated on non-merchantable wood components and

dead wood. The effect of Vaia was simulated through four
different disturbance events, with an increasing share of
living biomass moved to DOM pools (Table 1), further
distributed between different administrative units and FTs
according to the area reported in Table 1. Salvage logging
was simulated through the area affected by a specific sil-
vicultural treatment, carried out in 2019, 2020, and 2021
(Table 1), moving to the products pool 80% of the mer-
chantable standing dead-biomass made available by the
windstorm occurred in 2018.

Part of the forest biomass that moves to the products
pool—fed both by ordinary silvicultural treatments and
salvage logging—will be used for energy production (i.e.
fuelwood) and part as industrial roundwood. While the
C stored within the fuelwood will be directly released to
the atmosphere (assuming an instantaneous oxidation, i.e.
attributing an half-life decay rate equal to 0, as reported
in Fig. 2), a fraction of the C stored within industrial
roundwood will be stocked within these products, for a
certain number of years, depending on the expected life
cycle of each product (defined according to the half-life
values reported in Fig. 2, Appendix 4). To account the C
stock changes in HWP, we applied the IPCC Tier 2 method
(Appendix 4; IPCC 2014). Since 2019, under the business-
as-usual scenario, input data required by the IPCC Tier 2
method were assumed as constant, and equal to the average
values reported for the last period, consistently with the
constant harvest rate applied as input to CBM.

Under the VS scenario an additional amount of har-
vest mainly used as industrial roundwood (SLgy) (at least
for the fraction of merchantable biomass) will be avail-
able through salvage logging in the period 2019-2021.
For this purpose, the biomass removed through salvage
logging was further distinguished between branches and
other wood components, directly used as fuelwood, broad-
leaves merchantable dead trees, and coniferous merchant-
able dead trees. Only this last component, largely predomi-
nant according to the preliminary information reported
by literature, was transferred to the HWP pool. This
amount could be fully accounted as part of the domestic
production (increasing the Italian HWP C stock) or par-
tially excluded from this pool, if a fraction of the SLzyw
is directly exported to other countries, as roundwood
material.

Because a fraction of this material was exported to other
countries (see for example, PAT 2019), we considered differ-
ent possible scenarios, assuming that an increasing fraction
of the SLigyw (0 to 50%) is exported. This will also indirectly
affect the amount of import and export, as well as the frac-
tion of domestic production, as estimated with the IPCC Tier
2 method (further methodological assumptions are reported
in Appendix 4).
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ATMOSPHERE

LIVING BIOMASS

- NET PRIMARY PRODUCTION AND OUTFLOW DUE TO FIRE DISTURBANCES FROM LB AND DOM
s NATURAL MORTALITY FROM LB TO DOM AND ANNUAL DECAY FROM DOM + SOIL TO ATMOSPHERE
mep ORDINARY SILVICULTURAL TREATMENTS (98% FROM LB + 2% FROM DOM)

VAIA WINDSTORM (BASED ON VS)

b SALVAGE LOGGING AFTER WINDSTORM (99% FROM DOM + 1% FROM LB, BASED ON VS)

m==p REMOVALS (78% OF FELLINGS ) AND PRIMARY FOREST RESIDUES (22% OF FELLINGS)

m=p DECAY FROM HWP TO ATMOSPHERE FOR FUELWOOD (FW) AND INDUSTRIAL ROUNDWOOD COMMODITIES
DISTINGUISHED BETWEEN SAWN WOOD (SW), WOOD PANELS (WP) AND PAPER WITH PAPERBOARD (PP), WITH THE
CORRESPONDING DEFAULT HALF-LIFE VALUES (YRS. IN RED) AS DEFINED BY THE IPCC APPROACH (SEE APPENDIX 4).

Fig.2 General model framework distinguished between the forest
land system simulated through the CBM (grey background) and the
products’ system simulated within the HWP module (light brown
background). Boxes represent the main carbon pools, including the
corresponding average (2000-2030) share of C estimated within the
business-as-usual scenario. Arrows represent the main C inflows and

3 Results

According to our analysis, the total volume damaged by
Vaia is equal to about 11.0 - 10® m?, including 9.2 - 10® m*
of merchantable biomass and 1.8 - 10® m? of other wood
components (including branches and tops). This outcome is
consistent with the available preliminary estimates (between
10.5 and 14.7 - 10° m?; Table 1), and with the available input
data defined at local level (within a range equal to+ 5% at
regional level). About 89% of this amount is concentrated
within three administrative units: TN (46%), VE (27%), and
BZ (16%).

The total amount of salvage logging estimated for 2019
is equal to 3.6 - 10° m?, including about 0.5 - 10° m* of other
wood components. Overall, this amounts to 33% of the total
damaged volume estimated in the present study. About 36%
of this amount is removed in TN, 29% in BZ, 22% in VE,
and the remaining part within the other administrative units.
These values are consistent with the values reported for TN
(= 27% of the damaged biomass removed; PAT 2019) and
BZ (= 62% of the damaged biomass removed; Aichner et al.
2019). According to our assumptions, an additional share of
biomass is expected to be removed in 2020 (about 22% of
the damaged trees) and in 2021 (about 14% of the damaged
trees), while about 30% of the total biomass damaged is to
be left on the site.

outflows among pools due to natural processes (mortality and distur-
bance events) and human activities (ordinary silvicultural treatments
and salvage logging). The average percentage outflow from each
pool, and the Net Primary Production to Living Biomass, is reported
as proportional to the corresponding C stock attributed to each pool
under the business-as-usual scenario for the entire period

We estimate that the C sink for the historical period
20002017 varies between — 26.8 Mt CO, year™' in 2002
and — 22.4 Mt CO, year~! in 2017 (see Fig. 3a). The aver-
age C sink estimated by CBM within this period equals
to — 24.7 Mt CO, year™! (+ 1.3 Mt CO, year™"), consist-
ently with the value reported by ISPRA (2019), i.e. — 26.0
Mt CO, year™! (+ 4.7 Mt CO, year™!). Nevertheless, the
overall trend is in line with the total amount of harvest,
and major inter-annual variations are mainly due to the
effect of the wildfires occurred within the same period (see
for example 2007, 2012, and 2017 in Fig. 6, Appendix 2).

Under the business-as-usual scenario, the total C sink
gradually decreases to — 16.2 Mt CO, year™' in 2030, due
to the effect of forest aging, combined with the assumed
constant amount of harvest (see Sect. 3.2). However, based
on our estimates, in 2018, the living biomass C sink, equal to
—20.2Mt CO, year‘1 within the business-as-usual scenario,
has been halved by the Vaia storm. The simultaneous trans-
fer of 3.1 Mt C (i.e. about 0.6% of the total living biomass
C stock as reported in Fig. 2) to DOM increases the C sink
attributed to this last pool, from about — 2.5 Mt CO, year™!
to about — 11.0 Mt CO, year™'. As a consequence, the over-
all C sink estimated at national level for 2018 only decreases
by 4% between the VS and business-as-usual scenario.

In 2020, while the C sink attributed to living biomass
is completely regained (— 1% within the VS scenario

INRAZ 2 spnge
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Fig.3 Carbon sink: plot a reports the evolution of the total forest C
sink in the historical period (TOTAL Hist., until 2017; solid red line)
and in the future, for both business-as-usual and VS scenario (TOTAL
business-as-usual and TOTAL VS, until 2030; dashed red lines),
further distinguished between living biomass, dead organic matter
(DOM, including dead wood and litter) and soil. Plot b reports the his-
torical (Hist., until 2017) and future (until 2030, under the business-

compared with the business-as-usual scenario), the DOM
pool becomes a C source due to the effect of salvage logging
(moving about 1.2% of the DOM C stock to HWP pool, as
highlighted in Fig. 2), and subsequently the overall C sink
decreases by — 14%, compared with the business-as-usual

2 swer INRA@

2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

as-usual and VS scenarios) total forest C sink including the HWP
mitigation potential (assuming that the total amount of salvage log-
ging is accounted as domestic production). All values are referred to
the category Forest Land remaining Forest Land (FL-FL, as reported
in (ISPRA 2019), equal to about 7932 kha in 2017, and reported in
Gg CO, year™!, with negative values highlighting removals from the
atmosphere

scenario. For the same reason, even during the following
years, we estimate a reduction of the total C sink, in com-
parison with the business-as-usual scenario, corresponding
to — 10% and — 7%, in 2021 and 2022, respectively. Since
2023, the overall effect of Vaia at national level is negligible.
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For both scenarios, the C stock within the soil pool is quite
stable (see Fig. 3), at least within our time horizon, and only
partially affected by Vaia in 2018.

While salvage logging decreases the DOM C sink, remov-
ing a fraction of the damaged biomass, the same activity
has an opposite effect on the HWP pool. Assuming that the
total amount of salvage logging is accounted as domestic
production (0% of additional export of roundwood material
to other countries), in 2020, the HWP mitigation potential
increases from+ 0.01 Mt CO, year™! (i.e. a C source under
the business-as-usual scenario) to — 0.67 Mt CO, year",
under the VS scenario. This C sink further increases to — 1.5
Mt CO, year™! and — 2.3 Mt CO, year™! in 2021 and 2022,
respectively. Because these figures compensate the decreas-
ing C sink accounted under the forest pools, at least in 2022,
the final C sink estimated at national level including the
HWP mitigation potential is 12% and 8% higher than the
values attributed to the VS scenario excluding HWP, and to
the business-as-usual scenario including the HWP contribu-
tion (see Fig. 3b).

If an increased direct export of the roundwood material
removed through salvage logging was considered, the HWP
mitigation potential would gradually decrease, from — 2.3
Gg CO, year~! excluding any export in 2022 to — 1.7 Gg

CO, year™! (i.e. — 29% compared with the previous sce-
nario) assuming 50% of roundwood removed through sal-
vage logging then exported to other countries (see Fig. 4).
Nevertheless, even in the latter case, within the VS scenario,
the overall C sink at national level including HWP, at least in
2022, is still 5% higher than the business-as-usual scenario.

4 Discussion

We demonstrate the cascading effect induced by forest wind-
storms on different C pools: carbon in living biomass moves
to DOM—partially compensating the decrease in living
biomass C sink—and through salvage logging to HWP—
partially compensating a decrease in C sink in DOM (see
Fig. 3). When fully accounted, the overall effect of this flux
is a stabilization of the total C sink, which may slightly
decrease (i.e. — 4% in 2018 when the event occurred) or
increase (+ 8% in 2022, accounting the maximum compen-
sation from the HWP pool), compared with the business-
as-usual scenario. In this last case, where we estimate a
reduction of the total C sink assuming a constant amount
of harvest to 2030, our results are well in line with other
studies, reporting a decreasing C sink due to the ongoing

HWP mitigation potential
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Fig.4 HWP mitigation potential: historical (until 2017) and future
harvested wood product (HWP) mitigation potential estimated by our
study under the business-as-usual scenario, assuming a constant har-
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vest rate until 2030, and the VS scenario, assuming that an increasing
fraction of roundwood is exported to other countries, from 0% (VS-
Exp0, i.e. no export) to 50% (VS-Exp50)
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forest aging, as highlighted in other countries in Europe by
Nabuurs et al. (2013) and Pilli et al. (2017). For the soil, we
estimated a stable C stock. After the natural disturbances,
C in living biomass instantaneously moves to dead wood
and litter, and from these pools, through a slower process,
to soil. Within the CBM model, this decay dynamic is sim-
ulated through temperature-dependent decay rates, which
determine the fraction of organic matter that decomposes
every year into more stable DOM pools (Kurz et al. 2009).
Even though natural and human disturbances, including
salvage logging and any other silvicultural treatments, can
certainly affect the stabilization of the soil C pool at local
level (Jandl et al. 2007), at national level, this pool is gener-
ally considered in equilibrium within the majority of the
European countries (EEA 2019) because the inflow from
living biomass and forest residues compensate the outflow
to the atmosphere due to the annual decay rate (see Fig. 2).

Of course, our estimates strictly depend on the actual
amount of biomass damaged by the Vaia storm and on the
final fraction of salvage logging, including the amount that
will be removed during the following years. As highlighted
in Table 1, these values are quite uncertain at least in some
regions (i.e. VE). Although salvage logging reduces C
stocks in downed woody debris similarly to fire-impacted
areas (e.g. Bradford et al. 2012), it has an important post-
disturbance mitigation rule, because of contributing to a
lateral C flux through the HWP (see e.g. in beetle-impacted
stands; Lamers et al. 2014). At the same time, however,
salvage logging may have several interacting effects with
natural disturbances, since they have an influence on the
risk for subsequent disturbances (e.g. insect outbreaks), the
conservation of biodiversity (e.g. preservation of important
habitats on-site), and tree regeneration (e.g. timing for forest
canopy recovering) (Leverkus et al. 2018).

In such a framework, the use of remotely sensed images
could help in assessing more precisely the extent of Vaia
damages, and the spatial distribution of salvage cuttings,
already put in place or carried out in the future. To this aim,
both optical and radar imagery can be used. Optical Senti-
nel2 images were used by Chirici et al. (2019) to support a
first fast assessment of damages, but in the period between
the 29 October 2018 and 29 January 2019, more than 50%
of the area was always covered by clouds during satellite
passages, so no cloud free images were available. For this
reason, SAR images (for example from Sentinell) can be
used alternatively for a rapid assessment of windthrow dam-
ages (Riietschi et al. 2019).

Apart from the C sink in HWP, the merchantable bio-
mass removed through salvage logging also provides an
additional mitigation potential, due to the substitution ben-
efits realized by using wood products instead of other GHG-
intensive materials. This potential is generally accounted
through a substitution factor, highly variable (Leskinen et al.
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2018), which needs to be assessed case-by-case. Jonsson
et al. (2021) demonstrate that HWP and material substitu-
tion cannot fully compensate, over the short run, a reduced
net C sink in forests, mostly because of the half-life values
assigned to HWP (see Fig. 2), generally much shorter than
the rotation periods of managed forests in EU (e.g. 35 years
vs. 80—120 years). It is also important to highlight that in
general, the substitution effects of reduced GHG emissions
in other sectors (e.g. energy, industry) may be more effec-
tive towards mitigation than the carbon accumulation in
HWP pool (e.g. Lippke et al. 2011). An additional amount
of biomass, including branches, tops, and other wood resi-
dues removed together with the merchantable components,
is generally used for energy production and can provide a
further mitigation potential when substituting fossil fuels. In
order to fully account for all these mitigation potentials and
the cascade effects within the entire production chain—i.e.
the substitution effects—an integrated model assessment is
generally required (Jonsson et al. 2018). A recent study from
Leturcq (2020) argued that the carbon footprint of wood
products is often underestimated because of a misinterpreta-
tion of the concept of “carbon neutrality” attributed to har-
vested wood products. In reality, a comprehensive model-
ling framework, such the one applied within our study, can
fully account both for the direct (e.g. due to fires or forest
residues) and indirect (e.g. consequent to a reduction of the
biomass C stock) emissions due to harvest removals, without
any “aprioristic” assumption of C neutrality.

The overall estimate of the historical and future C sink is
also linked to the total amount of harvest at national level.
We assessed this last figure according to the best availa-
ble data reported in literature (see Appendix 2). However,
because of the lack of reliable statistics, especially for the
last years (Pilli et al. 2018), these data sources are highly
uncertain and likely underestimated (Pra and Pettenella
2016). Even in this case, remote sensing information can
complement data collected at national level, to analyze inter-
annual variations, especially where detailed statistics are not
available (Ceccherini et al. 2020).

The total amount of harvest also affects the relative share of
salvage logging compared with ordinary silvicultural treatments
and the possible additional effects on the HWP pool. For exam-
ple, MZP (2019) reports that the salvage logging caused by bark
beetle in Czech Republic was 90% of the total harvest in 2018,
possibly increasing in 2019, with a reduction of the projected
sink in living biomass in the medium term. Unfortunately, to
our knowledge, there are not updated official statistics which
would allow a comparison between planned and unplanned (sal-
vage) fellings as driven by Vaia storm at national scale in Italy.
Based on our findings, however, we highlighted that the relative
impact of Vaia storm on the living biomass C stock is compara-
ble with the average annual amount of C moved to HWP due to
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ordinary silvicultural treatments, as considered within the period
20002030, under the Businnes as usual scenario (see Fig. 3).

We showed that the relative contribution of the HWP to the
total C sink can compensate the negative C balance attributed
to DOM pool, due to salvage logging. The annual inflow to
the HWP pool at first depends on the total amount of remov-
als (salvage logging included), secondly on the relative share
of industrial round wood (i.e. the fraction of removals used for
material products), further distinguished by commodity (sawn
wood, wood panels and paper with paperboard), and finally on
the fraction of domestic production attributed to each commod-
ity. Usually, depending on scale and time, natural disturbances
may generate a distortion of the wood market because of an
abrupt amount of wood to be commercialized, which may cause
an immediate reduction of related prices (e.g. Holmes 1991). To
our knowledge, there are not updated official statistics about the
effect of Vaia storm on the wood market (balance between sup-
ply and demand, and import/export ratio) and associated prices
due to increased salvage logging at national scale. However,
regional statistics from TN show that wood prices dropped in 1
year of about 42% and 76% for standing forests and felled trees,
respectively (Zanotelli et al. 2019). National and local authorities
could implement strategies to reduce this negative effect, such as
for example, stocking and gradually allocating wood products in
the market over the years after the disturbance event (e.g. wood
chips; Pieratti et al. 2019).

The uncertainty related to the adopted specific methodologi-
cal assumptions, for example on the future amount of salvage
logging and on the share of harvest attributed to different com-
modities, could influence our estimates. Nevertheless, the sen-
sitivity analysis on different level of harvest provided by salvage
logging and directly exported to other countries, highlights the
need to carefully assess all these quantities, at least at national
level. As argued by Johnston and Radeloft (2019) and Sato and
Nojiri (2019), due to the assumptions behind the IPCC methods,
the traded feedstock (i.e. the amount of salvage logging directly
exported to other countries) will not be accounted within the
HWP mitigation potential reported in Italy or in other countries.

The overall magnitude of Vaia is not comparable with the
major windstorms occurred on other European countries, such
as France and Germany, where Lothar and Martin directly
damaged between 184 and 204 - 10° m? at the end of 1999,
or Gudrun and Erwin, which damaged about 75 - 10° m? in
northern Europe, in 2005 (Gardiner et al. 2010). In our case, we
estimate that in 2018, Vaia reduced the merchantable net annual
increment by 36% at national level and damaged about 11 - 10°
m® of merchantable biomass and other wood components. Simi-
lar events affected other European countries. For example, in
Austria, about 6, 9, and 10 - 10° m® were damaged by wind-
storms in 2002, 2007, and 2008, respectively (BNMT 2015).
In Czech Republic in the period between 1998 and 2017, the
average amount of salvage logging due to windstorm was equal
to about 4 - 10° m? per year (Zahradnik and Zahradnikova 2019).

Despite these countries already accounted for the effect of for-
est windstorms within their GHG inventories, in case of Italy,
such as for other Mediterranean countries, to now the national
GHG inventories have mainly focused on the impact of wild-
fires ISPRA 2019). According to our estimates, the total CO,
fires’ emissions affecting the Italian forests between 2000 and
2017 were equal on average to about 0.1 Mt CO, year™, but in
2007 and 2017, when major fires occurred, they amounted to 0.2
and 0.4 Mt CO, year™!, respectively. These latter values refer to
a burned area comparable to the area affected by Vaia (about
35,000 ha) and correspond to one third of the overall reduction
of the national C sink attributed to Vaia in 2018, i.e. 1.0 Mt CO,
year™!. On the overall GHG balance at national scale, account-
ing for the impact associated with windstorms may counter-
balance the direct emissions from wildfires, depending on the
adopted modelling framework (e.g. fraction of biomass burned).

Although not considered in our modelling exercise, assess-
ing the indirect consequences of probable insect outbreaks
following wildfires or windstorms on the vitality of sur-
vived trees is extremely important. Bark beetle attacks have
been always reported after major windstorms in Germany in
1999 (Hanewinkel et al. 2008), Sweden in 2005 and 2007
(Langstrom et al. 2009), Austria from 1998 to 2007 (Foglar-
Deinhardstein et al. 2008), Lithuania between 1994 and 1997
(LRAM and APA 2017), and more recently, in Czech Repub-
lic (Cienciala et al. 2019). In these cases, after a windstorm
occurred in the winter season, a bark beetle outbreak escaped
from the fallen trees during the following summer season, and
generally produced the major damages during the second and
third seasons following the primary event. The magnitude of
these attacks, however, is highly uncertain and usually driven
by local climatic conditions during the next spring and sum-
mer seasons and by the amount of dead biomass left on site.
Disturbance management approaches and high-intensity sal-
vage logging may prevent future insect outbreaks and preserve
the C sink in living biomass (e.g. Dobor et al. 2020).

5 Conclusion

We demonstrate that the impact of a natural distur-
bance on the carbon balance at national scale largely
depends on the management following the event (e.g.
salvage logging), the carbon fluxes among the pools, and
between the pools and the atmosphere. If lateral carbon
fluxes (i.e. HWP inflow) are considered, the potential
for mitigation may be improved. Advanced modelling
approaches are required to fully account for carbon gains
and losses due to natural disturbances in both forest lands
and wood products. Our analysis does not extend to the
transformation and end-use phases in the forest-value
chain. However, these aspects need to be incorporated in
future research to further understand the implications of
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a large-scale disturbance not only from the biophysical
perspective but also from the social-economic one.

The recent inclusion of forests into the EU climate tar-
gets highlights the need to provide policy makers with
concrete studies, based on a system perspective on the for-
est mitigation potential (Grassi et al. 2018). Moreover, the
EU Regulation on the LULUCEF sector (EU 2018) offers
the opportunity to EU Member States of excluding from
their future accounts, from 2021 onward, the GHG emis-
sions resulting from natural disturbances that exceed the
average within the period 2001-2020. At the same time,
forests health and vitality are at risk because of changing
climate, along with the benefits they provide, depending
on local conditions and management. This means that,
within a more comprehensive system perspective, tradi-
tional management tools should be integrated with more
flexible approaches, such as the example proposed within
the present study, based on innovative and multifunctional
forest management strategies, taking into account also the
unpredictable but increasing effect of natural disturbances,
as recently experienced in many European countries.

Appendix 1. Input data
Assumptions on damaged area

Because of missing or incomplete on-ground information,
we assumed that the damaged forest area distribution by for-
est type and damage intensity class for FVG, LO, BZ, and
VE follows the same pattern as reported by PAT (2019) for
TN (see Tables 2 and 3 below).

Based on the above-reported parameters, for each admin-
istrative region, forest type, and damage intensity class, we
estimated the damaged forest area as follow (Eq. 1):

DAiJ',k = DAi . (FTsh)j ° (DCsh)k M

where DA, ; ; is the damaged forest area for the region i,
the forest type j, and the damage intensity class k (ha); DA,
is the damaged forest area in region i (ha); FTy, is the rela-
tive share of damaged area by forest type j (%) (see Table 2);
DCg, is the relative share of damaged area by damage inten-
sity class k (%) (see Table 3). DA;: Aichner et al. (2019) for
BZ; Chirici et al. (2019) for FVG, LO, and VE; and PAT
(2019) for TN. FT;, and DC;: PAT (2019).

Assumptions on damaged biomass
Because of missing or incomplete on-ground information,
we assumed that the damaged merchantable biomass dis-

tribution by damage intensity class for FVG, LO, BZ, and
VE follows the same pattern as reported by PAT (2019) for
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Table 2 Relative share of damaged area by forest type (source: PAT
2019)

Relative share
of damaged area

Forest type*

(FT,)
PA 65%
BZ 17%
PS 6%
FS 5%
LD 4%
ocC 3%

*see next section for acronyms

TN (see Table 4). Based on the damage cover considered to
define the damage intensity classes, we set a certain amount
of damaged volume over the total volume of growing stock.

To calculate the damaged merchantable biomass, at first,
we calculated the expected damaged volume of growing
stock per hectare for each region and damage intensity class
as follow [Eq. 2]:

DV;; = (DVggp); * (DV ), @

where DV, is the expected damaged volume of growing
stock in the region i for the damage intensity class k (m?),
DVygp is the damaged volume reported in literature for the
region i (m?) (see Table 1 for information sources), and DV
is the relative share of damaged volume for a specific dam-
age intensity class k (%);

Then, we calculated the attributed damaged volume per
hectare for each region and damage intensity class, as fol-
low [Eq. 3]

Dvi,k ® (Hsh)k

aDV,;;, = ——— "k
tELDAy,

3

where aDV,; is the attributed damaged volume per hec-
tare in the region i and for the damage intensity class k (m*
ha™), DV, is the expected damaged volume of growing
stock in the region i for the damage intensity class k (m?),
Hy, is the attributed damaged volume over the total volume

of growing stock (%), and DA, is the damaged area related

Table 3 Relative share of damaged area by damage intensity class
(source: PAT 2019)

Relative share
of damaged area

Damage intensity class (damage cover)

(DCyy)
I(<30%) 21%
1I (30-50%) 15%
1II (50-90%) 24%
IV (> 95%) 40%
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Table 4 Share of damaged
volume and attributed damaged
volume over the total volume

Damage intensity class (damage
cover)

Relative share of damaged vol-
ume (DV,)

Attributed damaged volume over the
total volume of growing stock (Hy,)

of growing stock by damage
intensity class, as reported for
TN (PAT 2019)

I(<30%)

I (30-50%)
I (50-90%)
IV (> 95%)

6%
8%
24%
62%

15%
40%
70%
95%

to a specific forest type j (ha), obtained from DA, « (FT, )j.
DA, is the damaged forest area in region i (ha). DA;: Aichner
et al. (2019) for BZ; Chirici et al. (2019) for FVG, LO, and
VE; and PAT (2019) for TN.

Finally, we assumed that the distribution of damaged
biomass by damage intensity class for BZ, FVG, LO, and
VE follows the distribution of damaged biomass by dam-
age intensity class as provided by PAT (2019) for TN. See
Table 5 below for details.

DVyy e WBD « 0.5 4)

where DV is the damaged volume per hectare in TN
administrative unit and for the damage intensity class k (m?
ha'l); WBD is the wood basic density (tons m'3), assumed
to be 0.48 tons m~> as weighted average of individual WBD
values by forest type; and 0.5 is the IPCC standard biomass-
carbon conversion factor. In the model calibration phase,
we used the damaged biomass values from TN (DB ) to
correct the thresholds for maximum allowed biomass to be
disturbed for each administrative unit and damage intensity
class, as follow [Eq. 5]:

DB;; = DBy, * (1 + CF;) 5)

where DB, is the maximum allowed biomass per hectare
to be disturbed for administrative unit i and damage intensity
class k (tons ha™"), DBy is the damaged biomass per hec-
tare in TN and for the damage intensity class k (tons ha™"),
and CF, is the correction factor in the administrative region
i regardless of damage intensity class k, with values ranging
from — 0.4 to+ 0.5.

Table 5 Biomass (tons C ha™') by damage intensity class

Damage intensity class (damage cover) Biomass (tons C

ha™")* (DByy )

1(<30%) 93
1I (30-50%) 67
1II (50-90%) 70
IV (> 95%) 81

CBM modelling assumptions

Tables 6 and 7 show forest types’ classes and modelling
assumptions about carbon transfers among pools.

Appendix 2. Historical harvest intensity
and area affected by wildfires

To search for robust estimates of the overall amount of har-
vest at national level, we compared the data series reported
by FAOSTAT (FAOSTAT 2019) with data available from the
Italian National Inventory Report 2018 (ISPRA 2018a; i.e.
no data in ISPRA 2019). We found the two data sources not
fully consistent and comparable along the entire time series
(Fig. 5). For this reason, we decided to use the historical
harvest intensities for the period 2000-2016 (only available
until 2016) as reported by the Italian National Inventory
Report 2018 (ISPRA 2018a), also consistent with the Italian
National Forestry Accounting Plan (NFAP, ISPRA 2018b).
From 2017 onward, under the BaU scenario, we consider
a constant harvest rate, equal to the harvest intensity as for
2016 (i.e. about 11 mil m? year™ 1), and under the VS sce-
nario, an additional amount of harvest due to the salvage
logging carried out from to 2019 to 2021, as reported by
literature and estimated in the present study (see Fig. 5). The
extent of burned area considered within the model run is
reported in Fig. 6.

Appendix 3. Carbon budget model

The CBM is an inventory-based, yield-data driven model
that simulates the stand- and landscape-level C dynamics
of above- and below-ground biomass, dead organic mat-
ter (DOM), and mineral soil (Kurz et al. 2009). The spa-
tial framework applied by the model conceptually follows
Reporting Method 1 (IPCC 2014) in which the spatial units
are defined by their geographic boundaries and all forest
stands are geographically referenced to a spatial unit (SPU).
Within a SPU, each forest stand is characterized by age,
area, and 7 classifiers that provide administrative and eco-
logical information, the link to the appropriate yield tables
(YTs), and other parameters defining the forest composition
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Table 6 Forest types (FT) and corresponding leading species consid-
ered within the present study, modified from Pilli et al. (2013)

Forest types considered by CBM

CBM acronym Leading species
AA Silver fir

BP Broadleaves plantations
CP Conifers plantations
CS Chestnut

FS Beech

LD Larch

OB Other broadleaves
oC Other conifers

Oca Hornbeam

OE Other evergreen

PA Norway spruce

PM Mediterranean pines
PN Black pine

PP Poplar

PS Scots pine

QC Turkey oak

QI Evergreen oak

QR Common oak

QS Cork oak

RF Riparian forests

(corresponding to 20 forest types—FTs—based on the lead-
ing species reported by INFC—see Table 6), the manage-
ment type (MT, i.e. even-aged high forests, uneven-aged
high forests, coppices) and the specific silvicultural system
applied to each MT and FT (such as clear-cuts, thinnings,
shelterwood systems, partial cuttings).

Species-specific, stand-level equations (Boudewyn
et al. 2007) convert merchantable volume production into
aboveground biomass, partitioned into merchantable stem-
wood, other components (tops, branches, sub-merchantable
size trees) and foliage components (Kurz et al. 2009). At
this purpose, each of the Italian FT has been associated to
an appropriate Canadian species following the approach
described in Pilli et al. (2013). The merchantable volume at
the beginning of the model run is derived from the standing
volumes per age class reported by the INFC for each FT and

administrative unit. During the simulation, the stand-level
volume accumulation is derived from the current annual
increment reported by INFC, further distinguished by FT
and administrative unit ( Pilli et al. 2013). Belowground bio-
mass is calculated using the equations provided by Li et al.
(2003), and the annual dead wood and foliage input is esti-
mated as a pool-specific turnover rate (percentage) applied
to the standing biomass stock.

The model uses an initialization process to estimate the
size of all DOM pools at the start of the simulation and then,
following IPCC guidance, links DOM dynamics to biomass
dynamics. Inputs from biomass to DOM pools result from
biomass litterfall and turnover as well as natural and human-
caused disturbances. The DOM parameters have been cali-
brated within a previous study (see Pilli et al. 2013), then
validated at regional level (Pilli et al. 2014). The model
used as input the age class distribution reported by INFC
for 2005, further distinguished between FTs and adminis-
trative units, according to the approach already described in
Pilli et al. (2013). During the model run, anthropogenic and
natural disturbances are defined through the amount (area or
C target), type and intensity of each disturbance by year and
SPU (Kull et al. 2019). Eligibility criteria, such as FT, age,
or other classifier values can be used to define the eligible
stands for each disturbance. Disturbance impacts are defined
using a “disturbance matrix” that describes the proportion
of C transferred between pools (i.e. from living biomass to
DOM, due to the effect of windstorms), transferred to the
product pool (within ordinary silvicultural treatments or
through salvage logging after windstorms) or released to
the atmosphere (with fires) for each disturbance type (Kurz
et al. 2009, Kull et al. 2019). The Archive Index Data Base
customized for EU countries and applied within this specific
study is available at the following URL (Pilli et al. 2018):
https://ec.europa.eu/jrc/en/scientific-tool/eu-archive-index-
database-customised-carbon-budget-model-cbm-cfs3

Table 7 Main parameters
defining the transition matrix

Disturbance event

Transfer from living bio-

Transfer from dead wood to products pool

N mass to DOM
applied by CBM model for
simulating the effect of the Class I 15% 0%
vadsForm, with an increasing Class I 40% 0%
intensity of the disturbance
event, and salvage logging Class TIT 70% 0%
Class IV 95% 0%

Salvage logging

5% from living damaged
trees

95% from merchantable dead bio-
mass + 50% from branches
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Fig.5 total amount of harvest (m?) reported by (ISPRA 2018a,
ISPRA 2018b) (solid red line) and FAOSTAT (solid black line,
FAOSTAT, December 2019). Based on the amount of harvest
reported in 2016 by the first data series used as input within the pre-
sent study (solid red line, including primary forest), within the BaU
scenario, we assumed a constant harvest rate from 2017 onward
(dashed red line). Under the VS scenario, an additional amount of
harvest is provided through salvage logging in 2019, 2020, and 2021

Appendix 4. HWP modelling assumptions

The so-called IPCC Tier 2 method, considered within our
study, applies first-order decay functions based on default
half-lives numbers to the share of HWP originating from
domestic products, generally distinguished between the

Fig.6 extent of burned area
(ha) in the historical period (red

bars) (CRF Table 4(V); (ISPRA 40,000,
2019)), as reported for the
category FL-FL) and projected 35,000 -
(blue bars) at national scale
30,000
25,000
& 20,000 -
15,000

10,000
5,000

o'|||||l

2014

2016 2018 2020 2022 2024 2026 2028 2030

==+ Modelling assumptions (BaU) A VS (salv. logging)

(triangles). In order to compare the relative impact of Vaia, against
forest wildfires, which are the main natural disturbances affecting
Italian forests, we also included in our assessment the total amount
of burned area as reported by the Italian National Inventory Report
(CRF Table 4(V), ISPRA 2019) in the historical period 2000-2017,
then assumed as constant, and equal to the average historical burned
area, until 2030, for both our scenarios (see Fig. 6)

following commodities: (i) sawn wood, (ii) wood-panels,
and (iii) paper or paperboards (see Pilli et al. (2015) for
further details).

Inflow—outflow methods estimate the changes in carbon
stocks by counting the amount of wood products into and out
of the stock. Changes in carbon stocks in year i are estimated

Burned area

M Historical

M Projections

I

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030
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on the basis of information (i) on the inflow of wood prod-
ucts into the stock and (ii) of assumed lifetimes and (iii)
decay factors of these products (Lifetime analysis), accord-
ing to the following equations (see equations two-eight-five
in IPCC (2014)):

. —k s 1 —e*
Ci+1)=e"CO)+

] * Inflow(i) (6)

where C(i) is the carbon stock in the particular HWP cat-
egory at the beginning of year i, in Gg C (default conver-
sion factors are in the table below); k is the first-order decay
constant for each HWP category, equal to In(2)/HL, where
HL is the default half-lives value of each HWP category in
years (see table below); and Inflow(i) is the inflow to the
particular HWP category during the year i, in Gg C year™".

HWP cat-  Sawn wood Wood Paper and
egories based paper boards
panels
Coniferous Non-conif-
erous
Conversion 0.225tons  0.280tons  0.269 tons  0.386 tons C
factorper Cm™> Cm™ Cm™ tons™!
air dry
density
Default 35 years 25 years 2 years
half-lives

The carbon stock change (AC(i) in Gg C year™!) of the
HWP category during the year i is equal to

AC=CGi+1)-C@) @)

Equations (6) and (7) were applied separately for each
semi-finished wood products category (sawn wood conifer-
ous and non-coniferous, wood-based panels, and paper and
paperboards).

All the input data used within this approach are based
on production, import, and export quantities of each com-
modity (IPCC, 2014) The fraction of domestic production
(fpp) 1s computed considering, for each year (i), the ratio
between the IRW production of each commodity originating
from domestic forests (IRW ) and the sum of production and
import (IRWy,,), both curtail of the quota of export (IRWpy),
as reported below:

IRW (i) — IRWpy (i)
IRW 5(i) + IRW (i) — IRW 5 (i) ®)

Jop(d) =

The denominator of Eq. (8) equals the consumption.
For the historical period 2000-2018, all the parameters
reported in Eq. (8) are based on the time series provided by
FAOSTAT.

Since we assumed that only the coniferous merchant-
able dead trees will be transferred to the HWP pool through
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salvage logging, the following methodological assumptions
only concern the coniferous component of this pool. For all
the components not specified below, such as for the general
computation of the overall pool, we applied the default IPCC
approach (see Eq. (6) and (7)), as described in IPCC (2014),
and in Pilli et al. (2015).

The parameters reported in Eq. (8) were modelled accord-
ing to the following methodological assumptions (summa-
rized in Table 8):

Table8 For each modelling scenario and year (assuming 1-year
delay for transferring roundwood to the product pool, after remov-
als), the table reports the fraction of roundwood directly exported to
other countries and the consequent relative variation on the amount
of industrial roundwood production (IRWP), export IRWEX), and
import (IRWIM) applied to Eq. (8), in comparison with the value
applied in BaU scenario

Scenario  Year Fraction of IRW, IRWpx  IRWpy
roundword
directly
exported
BaU 2019+1 Constant Constant Constant
2019+2 Constant Constant Constant
2019+3 Constant Constant Constant
VS-Exp, 2019+1 0% +40% +40% —40%
2019+2 0% +20% +20% —20%
2019+3 0% +10% +10% —-10%
VS-Exp,, 2019+1 10% +40% +36% —36%
201942 5% +20% +19% -19%
2019+3 2.5% +10% +9% - 9%
VS-Exp,, 2019+1 20% +40% +32% -32%
2019+2 10% +20% +18% —18
2019+3 5% +10% +9% - 9%
VS-Exps, 2019+1 30% +40% +28% —28%
2019+2 15% +20% +17% —17
2019+3 7.5% +10% +9% - 9%
VS-Exp,, 2019+1 40% +40% +24% —24%
2019+2 20% +20% +16% —16
201943 10% +10% +9% - 9%
VS-Exps, 2019+1 50% +40% +20% —20%
2019+2 25% +20% +15% -—15
2019+3 12.5% +10% +9% - 9%

The total amount of industrial roundwood production (IRWp),
export (IRWp), and import (IRWj) for coniferous species reported
by FAOSTAT for the historical period (i.e. until 2018), and esti-
mated by our study according to the methodological assumptions
reported above are reported on Fig. 7. The final relative variation of
the domestic production, as resulting from Eq. (8) for the coniferous
component is reported in Fig. 8. The additional amount of coniferous
roundwood material provided through salvage logging was entirely
assigned to the coniferous sawn wood commodity.
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Fig. 7 from top to bottom,

the evolution of industrial
roundwood production (IRW ),
export (IRWgyp), and import
(IRWyyy) for coniferous species
reported by FAOSTAT for

the historical period (i.e. until
2018), and estimated in the pre-
sent study. Dots (and gradations
of grey) represent the variations
in the assumptions for the Vaia
storms effects (VS-Exp), rang-
ing from 0% (light grey dots) to
50% of industrial roundwood
directly exported (see also
Table 8)
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Fraction of coniferous domestic production
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Fig.8 The evolution of the fraction of domestic production as
reported by FAOSTAT for the historical period (i.e. until 2018;
bolded dashed line), and estimated in the present study, according to
the BaU scenario (dashed line). Dots (and gradations of grey) repre-

e For BaU scenario: all parameters were maintained con-
stant (also for broadleaves) and equal to the last values
reported by FAOSTAT in 2018 (last historical value).

e For all VS scenarios: for each year from 2020 to 2023
(assuming 1-year delay for transferring the roundwood
material to the product pool, after removals) the conifer-
ous IRW, was increased proportionally to the relative
variation of harvest due to salvage logging, compared
with the BaU scenario. Broadleaves’s parameters were
not modified.

e For VS-Exp,: for conifers, IRWx was increased and
IRWyy; was decreased, according to the same propor-
tions applied to IRW . Broadleaves’s parameters were
not modified.

e For VS-Exp;, to VS-Expsq: for conifers, IRWgx was
increased and IRWy,,; was decreased, according to the
same proportions applied to IRW, further reduced to
account for an increasing share of roundwood directly
export to other countries. We assumed that this share
decreases each year, as reported in Table 8. Broadleaves’s
parameters were not modified.
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